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Edited by Stuart FergusonAbstract Phenoloxidases and hemocyanins have similar type 3
copper centers although they perform diﬀerent functions. Hemo-
cyanins are oxygen carriers, while phenoloxidases (tyrosinase/
catecholoxidase) catalyze the initial step in melanin synthesis.
Tyrosinases catalyze two subsequent reactions, whereas cate-
choloxidases catalyze only the second one. Recent results indi-
cate that hemocyanins can also function as phenoloxidases and
here we show for the ﬁrst time that hemocyanin can be converted
to phenoloxidase. Furthermore, its substrate speciﬁcity can be
switched between catecholoxidase and tyrosinase activity
depending on eﬀectors such as hydroxymethyl-aminomethan
(Tris) and Mg2+-ions. This demonstrates that substrate speciﬁc-
ity is not caused by a chemical modiﬁcation of the active site.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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imperator1. Introduction
Phenoloxidases1 (PO) and hemocyanins (Hcs) have similar
type 3 copper centers although having diﬀerent functions
[1,2]. Whereas Hcs serve as oxygen carriers in mollusks and
arthropods [1], tyrosinase (Ty) and catecholoxidase (CO) are
essential enzymes occurring in all organisms catalyzing the ini-Abbreviations: Ty, tyrosinase; CO, catecholoxidase; Hc, hemocyanin;
MBTH, 3-methyl-2-benzo-thiazolinone-hydrazone; SDS, sodium
dodecylsulfate; Tris, hydroxymethyl-aminomethan
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1It should be noted that for decades the term ‘‘phenoloxidase’’ is
commonly used by biologists for a reaction comprising the activity of
tyrosinase (Ty) and catecholoxidase (CO), although both catalyze two
chemically diﬀerent reactions. Catecholoxidase as a real oxidase
catalyzes the oxidation of catechols to o-quinons. Tys comprise two
reactions: they exhibit cresolase activity, catalyzing the hydroxylation
of phenols to catechols and thus behaving not as a true oxidase rather
than as a phenolase. In a second step, they behave as an oxidase by
oxidizing catechols to o-quinones just like a CO. As long as it is not
deﬁnitely clear wether both catalytic reactions of the ‘‘phenoloxidase’’
occur in one or two steps, we think that the term ‘‘Ty’’ describes a
complicated coupled reaction being diﬀerent than the phenolase
reaction.
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doi:10.1016/j.febslet.2008.01.056tial steps in melanin synthesis [3]. They are involved in a variety
of biological functions such as browning of plants, wound heal-
ing, immune defense, sclerotization in arthropods, or coloring
of skin, eyes, and hair in humans [3–8]. To test a protein for
phenoloxidase activity a sodium dodecylsulfate (SDS) assay is
commonly used for activation [9–12]. Ty and CO diﬀer
somewhat in their reactivities: whereas Ty catalyzes the
hydroxylation of monophenols to o-diphenols and their
subsequent oxidation to o-quinones in one or two diﬀerent
steps, CO only mediates the latter reaction (Scheme 1) [2,3,
7,13]. The resulting o-quinones further react to dopachrome
which ﬁnally polymerizes to a complex polymer, melanin
[3,4]. Although the structures of a Ty [14] and a CO [15] have
been determined, the molecular basis for their speciﬁc
reactions is still under discussion [2,14,16–19]. Based on struc-
tural and spectroscopic studies as well as sequence compari-
sons, Ty, CO, and Hc have very similar active sites [1,2,20]
and bind one molecule of oxygen as peroxide in a side-on co-
ordination between two copper atoms [14,15,21–23]. Ty and
CO utilize their oxygen to oxidize substrates; Hc simply revers-
ibly bind oxygen for regulatory storage and transport. Recent
results indicate that Hc can also exhibit CO activity [13,24–30].
Herein we report that the 24-meric Hc from the scorpion
Pandinus imperator can be converted from a respiratory pro-
tein into an enzyme with Ty or CO activities by treatment with
SDS (Figs. 1 and 2). Moreover, it is shown for the ﬁrst time
that the enzymatic activity of the SDS-treated Hc can be
switched between that of CO and that of Ty by addition of
Mg2+-ions (Fig. 3).2. Materials and methods
The hemolymph of P. imperator was collected by dorsal puncture of
the pericardial cavity, immediately centrifuged, and chromatographed
on an S-300 Sephacryl column (Fig. 1). Electron microscopical images
of Hc are similar to that of the well-known 4 · 6-mer of the tarantula
Eurypelma californicum. A ratio of 4.2 for the absorbance at 280 nm/
340 nm indicates that the 24-mer is completely oxygenated [1]. A molar
absorption coeﬃcient e of 1.0 l mol1 cm1 at 280 nm was assumed for
determination of the concentration of the protein.
The samples were activated by 2 mM SDS and tested in a hydroxy-
methyl-aminomethan (Tris)-buﬀer (100 mM, pH 7.8) with 5 mM
MgCl2, 5 mM CaCl2, and 3-methyl-2-benzo-thiazolinone-hydrazone
(MBTH). MBTH speciﬁcally binds to o-quinones which are the pri-
mary products of both the CO and Ty reactions, forming a pink
dye. To distinguish between Ty and CO activity, 1 mM tyramine or
dopamine was added, respectively. The development of the absorption
maximum upon addition of dopamine takes place within minutes,
whereas it takes hours after the addition of tyramine.
For monitoring Ty and CO activity of Hc spectroscopically (Fig. 2),
Hc with a concentration of 0.2 mg/ml was incubated with 100 mMblished by Elsevier B.V. All rights reserved.
Scheme 1.
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baseline. The reaction of the arising dopachrome and mainly melanin
leads to an increase in the background absorption.3. Results
The enzymatic activity of P. imperator Hc is observed spec-
troscopically. Puriﬁed Hc of P. imperator was incubated inhydroxymethyl-aminomethan (Tris)-buﬀer with SDS at a low
concentration of 2 mM. When catechols such as dopamine
or L-dopa (Scheme 1) are added, an intense band around
475 nm develops within minutes; this band is due to the forma-
tion of dopachrome (Fig. 2a and b). The development of the
absorption maxima upon addition of diphenols is completed
within minutes. When monophenols such as tyramine are
added instead, the 475 nm absorption band develops as well,
Fig. 1. Elution proﬁle of hemolymph from Pandinus imperator, and assays for monophenolhydroxylase activity and o-diphenoloxidase activity. Only
the hemocyanin-containing peak of puriﬁed P. imperator hemolymph shows tyrosinase and catecholoxidase activity after activation with 2 mM SDS.
Every second fraction was tested for enzyme activity by a dot-blot using 1 mM tyramine (tyrosinase) or dopamine (cate-choloxidase). The dark spots
indicate the formation of dopachinone, a result of positive phenoloxidase activity. Electron microscopical images (inset) are similar to the 4 · 6-mer
of the well-known tarantula hemocyanin.
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additional peaks can be observed after approximately 3 h,
which superimpose the weak absorption at 475 nm. If this sec-
ond reaction is suppressed by trapping the quinones with
MBTH, the rise in background level is absent and the develop-
ment of a broad absorption peak around 515 nm is detectable
(Fig. 2d and e).
In the absence of Hc, solutions of tyramine stay colorless for
twenty hours; the same applies to Hc with SDS in hydroxy-
methyl-aminomethan (Tris)-buﬀer in the absence of substrates.
Potential growth of bacteria (which also could be responsible
for the observed increase in the absorption) was excluded by
light scattering experiments. Activity of bacterial Ty could also
be excluded due to the puriﬁcation procedure.
To conclude, the 24-meric Hc of P. imperator can be con-
verted from an oxygen carrier to a Ty or CO by addition of
SDS. The molecular mechanism of activation is assumed to
be based on an induced conformational change in the ﬁrst do-
main of the Hc, as it is shown for other chelicerates: A phen-
ylalanine (Phe49 in Limulus polyphemus Hc) [13,23,25,30],
conserved among Ty, CO, and Hc, is removed from the active
site located in the second domain, opening an before barred
entrance for external substrates.
We show that it is additionally possible to control both cat-
alytic activities resulting from SDS treatment of scorpion Hc
(CO or Ty) by changing the concentration of Mg2+ (Scheme
2). The Ty activity is strongly depend on the Mg2+ concentra-
tion. This is already visually apparent after overnight
incubation of Hc solution in hydroxymethyl-aminomethan
(Tris)-buﬀer containing tyramine: in the absence of Mg2+ a
brown colored solution results which is due to formation of
melanin. In contrast, the presence of 30 mM Mg2+ inhibitsthe Ty clearly, the reaction solution remains colorless (Fig. 3,
inset). The exact dependence of the Ty activity of scorpion
Hc on the cation concentration can be evaluated from the time
course of absorption intensity at 475 nm absorption (Fig. 3a).
Evidently, the protein exhibits the highest rate of Ty activity in
the absence of Mg2+ ions, whereas an increase of the MgCl2-
concentration leads to a successive suppression of Ty activity.
The ‘‘lag phase’’ of Ty activity (the time until coloring starts) is
shortened upon increasing the concentration of Mg2+.
Parallel experiments were conducted with dopamine, check-
ing for CO activity of SDS-treated Hc. The CO activity was
also controlled by the Mg2+ concentration, but surprisingly
the conversion rate of dopamine was found to be inversely to
that of tyramine (Fig. 3b). In experiments with low Mg2+ con-
centrations, only a weak CO activity and staining emerges. In
the presence of 30 mM MgCl2 the catalysis starts within sec-
onds whereas in the absence ofMgCl2 the start of the enzymatic
activity is delayed by several minutes. This indicates that the
CO activity increases with increasing concentration of MgCl2.
Further tests with other salts such as Na+ or K+ showed that
the described eﬀect is exclusively associated with the presence
of Mg2+ cations. Moreover, we found that a concentration of
30 mM NaCl did not increase the conversion rate, thus exclud-
ing possible eﬀects of Cl anions. The inﬂuence of Ca2+ cations
could not be evaluated as a 2 mM SDS solution generates insol-
uble Ca(DS)2 if the Ca
2+-concentration exceeds 2.5 mM [31].
Finally, we observed that also the buﬀer employed in the
experiments has a decisive inﬂuence on the Ty and CO activity
exhibited by SDS-treated scorpion Hc. Commonly phosphate-
buﬀer is used in Ty and CO assays of native proteins [26,28,32–
34]. Under these conditions we found that SDS-treated
scorpion Hc develops CO but no Ty activity (data not shown).
Fig. 2. Spectroscopic detection of tyrosinase activity of hemocyanin from the scorpion Pandinus imperator. (a) Oxidation of dopamine. Spectra were
recorded every two minutes in the space of 10 min. (b) Oxidation of L-dopa. Spectra were recorded every two minutes in the space of 10 min. (c)
Hydroxylation of tyramine. Spectra were recorded every 20 min in the space of 180 min. Baseline was the reaction mixture without hemocyanin; bold
line: ﬁrst spectrum with native hemocyanin. (d) Oxidation of dopamine together with 0.05 mMMBTH. Spectra were recorded every twenty minutes
in the space of 20 min. Baseline was the reaction mixture without hemocyanin. (e) Hydroxylation of tyramine together with 0.05 mMMBTH. Spectra
were recorded every twenty minutes in the space of 14.5 h. Baseline was the reaction mixture without hemocyanin.
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hydroxyethyl)-piperazine-1-ethanesulfonic acid (Hepes) were
used as buﬀer, a Ty activity was observed for activated Hc.
Tris is commonly used in bioscience to handle protein in solu-
tion safely.
It should be noted that we never observed Ty activity of P.
imperator Hc when it was dissociated into its subunits, but
weak CO activity. Dissociation of 24-meric P. imperator Hc
at low concentration of 1 mg/ml was achieved by excessive dial-
ysis against 0.05 M glycine/OH-buﬀer, pH 9.6 for two days.4. Discussion
Our ﬁnding that the chemical reactivity of the type 3 copper
active site is profoundly inﬂuenced by the addition of allosteric
eﬀectors has important consequences. Obviously minimal ste-ric changes at the active site are induced by conformational
changes of the holoprotein, and are then suﬃcient to deter-
mine whether Ty or CO activity is exhibited. This concept
would diﬀer from the conventional explanation for the func-
tional diﬀerence between Ty and CO, according to which
one copper (CuA) necessary for the binding of phenols is
shielded in CO whereas it is freely accessible in Ty [14,15,18].
This cannot apply to activated scorpion Hc as it develops Ty
and CO activity with the same active site, only depending on
the presence or absence of allosteric eﬀectors. Until now, we
never observed Ty activity of P. imperator Hc when it was dis-
sociated into its subunits, but weak CO activity. This provides
a further argument for the oligomer to be subjected in a con-
formational change during the activation process. This is sup-
ported by the fact that only oligomers exhibit cooperative
oxygen binding in multimeric Hcs, but not isolated subunits
[35].
Fig. 3. Dependence of the catalysis of activated scorpion hemocyanin
on increasing concentrations of MgCl2 in presence of two diﬀerent
substrates, tyramine (a) and dopamine (b). Puriﬁed 24-meric hemocy-
anin of P. imperator in 0.1 M hydroxymethyl-aminomethan (Tris)-
buﬀer (pH 7.8) was activated with 2 mM SDS at diﬀerent concentra-
tions of MgCl2. The tyrosinase activity was monitored by using 1 mM
tyramine as the substrate and a hemocyanin concentration of 0.2 mg/
ml (a), the catecholoxidase activity by using 1 mM dopamine and a
hemocyanin concentration of 0.1 mg/ml (b). In all cases the formation
of dopachrome was recorded by following the absorption at 475 nm at
20 C. Inset: This dependency of tyrosinase activity can be visualized in
test tubes as shown in the insert: After an over night incubation the
hemocyanin in hydroxymethyl-aminomethan (Tris)-buﬀer without
Mg2+ (left) shows an explicit coloring due to melanin, while the assay
with 30 mM Mg2+ remains uncolored.
Scheme 2.
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ate catalytic property can be established by adjusting an
appropriate conformation by allosteric eﬀectors.
Can our observations be understood based on the conditions
existing in vivo? The concentration of Mg2+-ions in the hemo-
lymph was determined for the closely related tarantula E. cal-ifornicum to be in the range from 1 mM to 4 mM [36], in the
scorpion P. imperator we quantiﬁed a concentration of
1.24 mM Mg2+. Thus, an activated Hc would behave in vivo
rather as a Ty than a CO. This may also explain the fact that
no true Ty or CO has ever been detected in the hemolymph of
chelicerates [30,37,38]. Hence, it was unclear what kind of en-
zymes would in vivo be involved in essential biological pro-
cesses of the chelicerates requiring a Ty, such as the immune
response or sclerotization of the cuticle after molting
[30,37,39,40]. Our results indicate that activated Hc could ful-
ﬁll this function. This would be in agreement with a recently
published hypothesis according to which Hc may be involved
in the host defense at the end of an activation-cascade, taking
the function of Ty and CO [37,39,40]. In addition, rather high
amounts of free tyrosine, the natural substrate of Ty, are found
in the hemolymph of chelicerates [36].
What is the function of Tris? Tris is a commonly used buﬀer,
but its interaction with the proteins is generally not investi-
gated. For the case of E. californicum, a chelicerate Hc closely
related to P. imperator, it was shown that Tris is bound with a
binding constant in the micromolar range, stabilizing the qua-
ternary structure but also increasing the oxygen binding aﬃn-
ity [41]. A closer analysis according to the nesting model
revealed that Tris also acts as an allosteric eﬀector on oxygen
binding, inﬂuencing the interaction between the two 12-meric
allosteric half-molecules by forcing them in a particular con-
formation [41]. To date nobody knows the in vivo counterpart
of Tris neither in case of Hcs nor for other proteins.
What is the role of Mg2+-ions? The inﬂuence of Mg2+ as an
allosteric eﬀector on the cooperative oxygen binding of Hc is
well known [1], therefore Mg2+ may also behave as an alloste-
ric eﬀector for the observed enzymatic activity of Hc. Thus,
Tris and Mg2+ act as allosteric eﬀectors by binding to the pro-
tein at another place than the active site, inducing conforma-
tional changes in the protein matrix which result in changes
exclusively at the active site. This action is diﬀerent to activa-
tion of phenoloxidases and Hcs by low concentration of SDS.
Here, the entrance to the active site is actively opened for
bulky phenolic and catecholic substrates. This opening can
also be achieved by proteolysis or binding of peptides or other
proteins as well as by lipids [3,13,14,18,25,28,37].
The SDS assay is commonly used to activate the phenolox-
idases since many decades [11]. It is generally discussed that
activation by SDS probably mimics the physiological activa-
tion by phospholipids and fatty acids as reported for arthro-
pod phenoloxidase [42]. It should be pointed out that we
recently proved that SDS under our conditions results in a
conformational change and not in an unfolding or denatur-
ation [43]. But even at conditions (8 M urea, 10% ethyl alco-
hol) under which most proteins unfold or denature mollusc
Hc keep the ability for Ty and CO activity as recently demon-
strated by a Japanese group [44].
We have shown that a type 3 copper protein cannot only be
converted from a respiratory protein to a phenoloxidase, but
also that its speciﬁcity can be switched between CO and Ty
activity by the addition of allosteric eﬀector. Thus, only minor,
most likely conformational changes adjusted by allosteric
eﬀectors distinguish between the catalytic property, Ty or CO.Acknowledgements: This work was supported by the German Research
Foundation (DFG) and the NMFZ Mainz. We thank C. Meesters for
the electron microscopical images and Dr. F. Tuczek for discussion.
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